ABSTRACT. Fresh fruits and vegetables experience losses enroute to market that are caused by mechanical injuries. Past studies have indicated that transit vibration contributes to this loss, and may be more important than impacts as a source of damage. In cross-country tests of cherries, nectarines, and pears in semi-trailers equipped with steel-spring suspension systems, highest Power Spectral Density (PSD) levels were found at about 3.5 Hz. In this study, PSD is used to mean acceleration spectral density. Other frequencies with high PSD levels were 9,18, and 25 Hz, Similar results were found in tests with fresh tomatoes. However, in trailers equipped with an air-ride suspension and loaded with tomatoes, the PSD levels were attenuated at 3.5 Hz, and were reduced at other frequencies. The highest PSD levels were found at the rear of the trailer, with resonance in the loaded boxes occurring at some frequencies. Horizontal acceleration was much less than the vertical acceleration.
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OBJECTIVES
The objectives of our study were to: 1) determine the acceleration frequencies and relative amplitudes occurring in loads of fresh fruits and vegetables during commercial cross-country tests in refrigerated trailers with commonlyused steel-spring suspension systems; and 2) compare the vibration levels of refrigerated steel-spring trailers with airride suspensions.
EXPERIMENTAL METHODS

FRUIT TESTS
A full, refrigerated trailer load each of California cherries, nectarines, or Bartlett pears was loaded at a commercial packinghouse in their respective production area in California and transported on interstate highways to east coast markets between Baltimore and New York City, a distance of about 4600 km (2,900 miles). All fruit were packed in corrugated fiberboard boxes and unitized on disposable softwood pallets. Plastic netting was used to secure the cherry boxes to the pallet, non-metallic strapping was used for the nectarine boxes, and palletizing glue (which has strength in shear but not in tension) was used for Bartlett pears. All fruit were cooled to, and shipped at about 1^ C (34** F).
The palletized boxes were loaded by forklift into 14.6 m (48 ft) long X 2.6 m (8.5 ft) wide refrigerated highway trailers. One full trailer load each of cherries and nectarines, and two of Bartlett pears were shipped from California. All four trailers had steel-spring suspensions (Series 7600-7700-7800, Hutchens Industries, Inc., Springfield, MO 65802). The tractors also had steel-spring suspensions. Gross vehicle weights were not obtained. Separately, four shipments of fresh market tomatoes were made from Nogales, Arizona, to Los Angeles, California, a distance of about 900 km (575 miles), most of which was on Interstate 10. All fruit were packed in parttelescope fiberboard boxes and unitized on softwood pallets. Palletizing glue and metal straps were used to secure the boxes to the pallets. The tomatoes were shipped at about 13^ C (55° F).
These four tomato tests traveled the same highways from one shipper in Nogales, Arizona, to one receiver in Los Angeles, California. The same driver, and one tractor, which was equipped with an air-ride suspension on the drive axles, was used for all four tests. The gross weight of each load was about 35 900 kgs (79,000 lb). For two of the tests, a 14.6 m long x 2.6 m wide refrigerated trailer was equipped with a steel-spring suspension as described above. The other two tests used a similar trailer that was equipped with an air-ride suspension (Hendrickson Turner, Canton, OH 44707). On arrival at the destination market, the instrumentation was retrieved, and the data were transferred to computer for analysis using EDR2S software (Instrumented Sensor Technology). The results are presented in terms of Power Spectral Density (PSD) plots, which at any given frequency show the variance of the root-mean square (rms) acceleration amplitude about a mean value of zero G (1 G equals the acceleration of gravity). The peak G values can be estimated using the method described by Brandenburg and Lee (1985) .
The average rms (root mean square) acceleration level was determined over a 5 Hz frequency band for both the steel-spring and air-ride suspension trailers used in the tomato tests. The regions selected, 2.5 Hz, 17.5 Hz, and the entire frequency range of 0 to 62.5 Hz, show the differences in suspension types, but are not necessarily the critical frequency regions for a particular commodity. in the fruit tests, figure 3. The PSD levels for the trailer with the air-ride suspension were lower, and did not have the high value at 3.5 Hz. The air-ride suspension had prominent acceleration peaks near 2, 6, and 9 Hz, but these were relatively low.
RESULTS
FRUIT
The average vertical acceleration levels in the middle of steel-spring trailers were 36% of those at the rear position. In air-ride trailers, these accelerations were 59% of those at the rear.
At the rear of the trailer, the average rms g acceleration for the air-ride suspension was 53% of that observed in the steel-spring suspension in the 0 to 5 Hz range, while it was 63% for the range of 0 to 62.5 Hz, table 1. In the center of the trailer, the average rms g acceleration for the air-ride suspension was less than 60% of that observed for the steel-spring suspension in the low frequency range, while it was comparable to that observed for the steel-spring suspension at frequencies above 15 Hz.
The horizontal acceleration recorded on the top box of the rear pallet was about 50% of the vertical acceleration in trailers with the steel-springs, while it was 38% in air-ride trailers, figs. 4a, b. The horizontal PSD levels for these two trailers with two suspension types were nearly the same, but vertical PSD levels were very different. 
DISCUSSION
Interstate highway shipments of refrigerated trailers equipped with steel-spring suspensions and loaded with fresh cherries, nectarines, and Bartlett pears show the highest vertical acceleration levels at about 3.5 Hz. There were characteristic lower acceleration levels at about 9,18, and 25 Hz. Similar results were obtained with full loads of fresh tomatoes in similar equipment. However, when tomatoes were loaded in refrigerated trailers with air-ride suspensions, the high vertical acceleration levels at 3.5 Hz did not occur at the rear of the trailer, but low to moderate accelerations at 6,9, and 15 to 18 Hz did.
CONCLUSION
This study shows that: • Vertical acceleration frequency and magnitude developed by a steel-spring suspension refrigerated trailer traveling interstate highways was similar for loads of packaged and palletized cherries, nectarines, pears, and tomatoes. The greatest acceleration occurred near 3.5 Hz. The top boxes in a stack were often subjected to acceleration amplification. • Vertical acceleration magnitudes developed by an air-ride suspension trailer traveling similar highways were much less than those for the steel-spring suspension. The high acceleration near 3.5 Hz was not present, but low to moderate accelerations at 6,9, and 15 to 18 Hz did exist. • The center of both the steel-spring and air-ride trailers developed much less severe accelerations than did the rear. • Horizontal accelerations perpendicular to the direction of travel were much less than vertical accelerations for both suspension types.
• Commodities sensitive to vibration frequencies below 5 Hz will be subjected to less damage when transported in trailers equipped with air-ride suspensions. Controlled tests should be conducted with packaged fruits and vegetables to determine the vibration frequencies and magnitudes that will result in damage to produce. The combined results may show the less damaging suspension type for produce transport, how to improve either suspension type, or what packaging systems should be designed.
